Numerical simulation of random optical field with special autocorrelation is performed. It can be seen that the speckle pattern with special autocorrelation is different from the general speckle pattern whose autocorrelation is a Gaussian function. Furthermore, we study the propagation property of the special speckle in free space after blocking by an opaque obstruction and find the self-healing effect of speckle. In particular, we investigate the influence of size and shape of obstruction and the coherence of speckle on the speckle's reconstruction process. We find that it is affected by the size of obstruction and the coherence of the speckle but is almost not affected by the shape of obstruction. Our results can be applied to the imaging, optical communication, and so on.
Introduction
Random scatting strongly distorts the optical fields, creating the well-known speckle pattern. The speckle pattern is formed by superposing all the random optical fields. In past times, speckle pattern is harmful to the optical imaging, optical communication, and so on. People usually avoid producing speckle. However, in recent years, random scattering has emerged as a rich research field. This is because it has useful application. The scattering field can form a subwavelength focal spot by modulating the wavefront [1, 2] . Disordered scattering has been applied to improve imaging resolution [3] [4] [5] . Noninvasive imaging of a fluorescent object has been done by measuring the autocorrelation of the speckle [6] . The biological imaging using speckle scanning microscopy was studied [7] .
There are some special light beams, called nondiffraction beam, can keep its beam profile during propagation, like Bessel beams [8] , Airy beams [9] , and so on. They can be self-healing when those beams are partially blocked by an opaque obstruction. Hence, they have been widely applied to microscopic particle manipulation [10] , human tissue microscopy [11] , quantum entanglement propagation in the presence of obstructions [12] , and optical communications through inhomogeneous media [13, 14] . In 2014, Alves et al.
found that the speckle showed a robust self-healing property [15] , but they only paid attention to the speckle generated by the Gaussian beam and the Bessel beam. In the present paper, we will simulate the special speckle generated by the hyperbolic cosine-Gaussian beam and investigate its propagation after blocking by an opaque obstruction.
Simulation of the Speckle Generation
Speckle pattern is the random intensity distribution. The numerical simulation of the speckle can follow Goodman's book [16] . We use a matrix with 512 × 512 pixels and every pixel size is 0.097656 mm. First, a matrix of random phasors was generated and then multiplied by the incident beam. The incident beam can be Gaussian, Bessel, or other kinds of beams. Here, we use the hyperbolic cosine-Gaussian function as the incident beam
where and are positive real constants. cosh( ) is the hyperbolic cosine function. After that, we can get the speckle by performing the fast Fourier transform of the resulting matrix. Figure 1 shows the speckle pattern for selected value of . One can find that the parameter affects the speckle distribution. We obtain the ordinary speckle, that is, Gaussian speckle, when = 0, and the special speckle pattern when ̸ = 0. The difference among those patterns can be found from the autocorrelation which is defined as
where out ( , ) = * ( , ) ( , ) is the speckle pattern, that is, the speckle intensity, and ( , ) is the electric field. For the Gaussian speckle, its autocorrelation is a Gaussian distribution [see Figure 1 Figure 2 shows the speckle pattern and autocorrelation for different . It is found that the average size of the speckle (speckle-coherence length) increases as the value of increases. That is also reflected by the pattern of autocorrelation. It is big with a large value of . If we change the value of with different , one can see the average size of the speckle pattern change. It is also found that the size of the autocorrelation varies as the value of changes. In fact, the inverse of is related to the incident beam size [17] . Therefore, we can control the average size of the speckle by varying the beam size of the incident beam.
The Propagation of Speckle
The propagation of the speckle can be expressed by the Huygens-Fresnel integral as
where 1 ( 1 , 1 , 0) and 2 ( 2 , 2 , ) are the random electric field in the source plane and received plane, respectively. = 2 / denotes the wavenumber with wavelength . 1 , 1 and 2 , 2 are the transverse coordinates in the source plane and received plane. Equation (3) can be written in an altered form as
One can find from (4) that the integral is a Fourier transform. Namely,
The Fourier transform can be easily performed by the fast Fourier transform algorithm. If the speckle in the source plane is blocked by an opaque obstruction, the propagation of the missing speckle can be expressed as
where ( 1 , 1 , 0) denotes the transmission function of the obstruction. When ( 1 , 1 , 0) = 1 for every point in the source plane, the random filed 1 ( 1 , 1 , 0) does not been modulated by the obstruction. That means there is no obstruction. When ( 1 , 1 , 0) = 0 which means the random field is completely blocked by the obstruction, the speckle can not propagate. We will investigate the situation that the speckle is partially blocked by the obstruction. The wavelength is 632.8 nm. The obstruction is an opaque disk with radius = 5 mm. From Figure 3 , one can find that the speckle pattern in the source plane is blocked by an opaque disk in the center. Therefore, one can find a black hole in the center. However, the hole gradually disappears as the speckle propagates in free space. When the speckle propagates to the plane = 16 m, one almost cannot find the hole in the center. That means the speckle can reconstruct itself as it propagates in free space. On the other hand, it is found that the autocorrelation at every plane is almost the same. In other words, the autocorrelation almost is not affected by the obstruction.
The influence of the size of obstruction on the reconstruction of speckle is showed in Figure 4 . The first row shows the speckle in the source plane with different size of obstruction. The second row shows the speckle pattern in the plane of = 16 m. One can find that the speckle with a small obstruction can primly reconstruct itself, whereas the speckle with a large obstruction does not at the same propagating distance. It needs long distance to diffract and to finish its reconstruction. The third row shows the autocorrelation in the plane of = 16 m. It is found that the autocorrelation distribution is hardly affected by the size of the obstruction. Figure 5 shows the influence of the shape of obstruction on the reconstruction of speckle pattern and on autocorrelation. The obstruction has the same area but with different shape. It is found that the shape does not affect the reconstruction of speckle pattern. Although the pattern is partially blocked by different shape of obstruction, it can be self-healing as the speckle propagates in free space. As showed in the second row of Figure 5 , all the speckle patterns finished their reconstruction process and one cannot find the obvious hole in the center. One can also find that the autocorrelation of the speckle pattern in the plane of = 16 m is the same. They keep the same shape as it in the source plane. Figure 6 shows the speckle pattern at different propagating distance for different coherence length. One can find that there is a circle hole in the center of the speckle pattern with the coherence length = 3 mm in the source plane. This is because the opaque obstruction partially blocks the speckle. When the speckle propagates to the plane of = 4 m, one can still find the hole. However, there is no obvious hole when the speckle propagates to the plane of = 8m. That means the speckle almost finished its reconstruction process when it propagates to the plane of = 8 m. However, in the second row, one can find that there is a hole in the center when the speckle propagates to the same distance = 8 m and it disappears at the plane of = 16 m. In the third row, one can find that the hole disappears at the plane of = 28 m. Those imply that the speckles with a high coherence need a long propagating distance to reconstruct themselves.
Conclusions
We have simulated the laser speckle with special autocorrelation and investigated its propagation in free space after partial blocking by an opaque obstruction. It was found that the missing speckle pattern can reconstruct itself and its autocorrelation kept the same shape as it propagated in free space. The reconstruction of the speckle is not affected by the shape of the obstruction but relates to the size of the obstruction. The speckle needs a long distance to reconstruct itself when the size of the obstruction is large. We also found the influence of coherence of speckle on its reconstruction. The speckle needs a long propagating distance to reconstruct when the coherence of the speckle is high. It is also found that the size and shape of the obstruction have a little influence on the autocorrelation. This implies that we can use the autocorrelation to resist disturbance and load information.
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